Objective: To determine the contribution of infants born at the threshold of viability (defined as <750 g birth weight) and the role of regionalization of perinatal care on the neonatal mortality rate (NMR) in Colorado.
Introduction
In the 30-year period from 1965 to 1995, the Colorado neonatal mortality rate (NMR) had its greatest decline due to advances in obstetrical, neonatal and perinatal care, including new technologies and therapies that allowed for the survivability of more immature, smaller infants. 1 In the 1990s, the widespread use of surfactant and antenatal steroids also contributed to increased survivability of extremely low birth weight infants. 2 Due in part to these advances, more studies have examined survivability of infants of lower birth weights, with the corollary that the threshold of viability, the birth weight at which infants are expected to have a reasonable chance of survival, continues to trend lower. 3, 4 In 2000, Hernández, et al. 5 examined the impact of infants born at the threshold of viability on the Colorado NMR. The study reviewed neonatal deaths of all liveborn infants <750 g from January 1991 to December 1996, and noted that while these extremely low birth weight infants accounted for 0.31% of all live births, they accounted for 46.3% of the neonatal deaths. The study concluded that further attempts to reduce the Colorado NMR would need to focus on these extremely small infants, and suggested that further improvements in regionalization of high-risk perinatal care would greatly decrease deaths in this group.
The last published examination of the benefits of regionalization in Colorado covered the time period 1971 to 1978.
In this study, Bowes showed that a greater proportion of very low birth weight infants (<1500 g) died in level I hospitals rather than level II or III centers, and that the overall NMR decreased from 13.4 to 6.9 per 1000 live births as the concept of regionalization became more widely practiced. 6 Since that time, multiple studies in other states have affirmed that regionalization does improve outcomes of extremely premature infants. [7] [8] [9] [10] In 2004, the American Academy of Pediatrics (AAP) Committee on the Fetus and Newborn presented evidence that the risk-adjusted mortality and morbidities such as intraventricular hemorrhage and chronic lung disease were greater for infants at 27 to 29 weeks gestation born outside level III referral centers as compared to those born in level III centers. Thus, the AAP continues to recommend regionalization as a means to achieve optimal outcomes for these at risk infants. 11 The aim of this study was to compare neonatal deaths in Colorado from 1991 to 1996 versus 1997 to 2003, and to explore changes in the impact of infants born at the threshold of viability (<750 g birth weight) on the Colorado NMR. Since regionalization was suggested by Hernández, et al. as a means of improving survivability of these infants, we secondarily analyzed the relationship between neonatal mortality and regionalization for infants at the threshold of viability.
Methods

Study design and inclusion criteria
We performed a retrospective cohort study using linked birth certificate and death certificate data on infants born during the years 1991 to 2003 in Colorado, as provided by the Vital Statistics Section of the Colorado Department of Public Health and Environment. We adhered to the State of Colorado definition of live birth: 'The complete expulsion or extraction from its mother of a product of conception, irrespective of the duration of pregnancy, which, after such separation, breathes or shows any other evidence of life, such as beating of the heart, pulsation of the umbilical cord, or definite movement of voluntary muscles, whether or not the umbilical cord has been cut or the placenta is attached.' 12 Furthermore, we included only those birth certificates with complete data for our variables of interest (described below). This criterion resulted in the exclusion of 446 records, or 0.06% of the total birth records for the time period 1991 to 2003. Only one of the 446 exclusions was an infant with a documented birth weight <750 g.
Primary outcomes
The primary outcome measure was neonatal death, defined as death within 28 days after birth. The main subsample of infants we used to test our hypotheses were infants born at the 'threshold of viability,' defined as birth weight <750 g. This definition complies with the adopted position of the Committee on the Fetus and Newborn of the AAP, and enabled us to compare more recent data to the findings of Hernández, et al., who used the same cutoff. 5, 13 The study periods 1991 to 1996 and 1997 to 2003 were used in order to make comparisons to the findings of Hernández, et al.
To test our hypotheses and account for potential confounders, we included the variables: birth weight, gestational age, death, year of birth, maternal education, maternal use of alcohol or tobacco, maternal race, level of care of birth hospital, in utero transport of mother/fetus, initiation and maintenance of mechanical ventilation (which included any respiratory assistance such as continuous positive airway pressure) and presence of congenital anomalies.
To obtain a measure for gestational age that was as accurate as possible, the estimate of gestational age based on last menstrual period was compared to the clinical estimate of gestational age. Employing the algorithm used by Hintz, et al., when there was less than 2 weeks discrepancy, the gestational age based on last menstrual period was used.
14 When the discrepancy was greater than 2 weeks, the average was taken and then truncated to indicate completed weeks of gestation. If the discrepancy between the two values was equal to 2 weeks, the lower estimate was chosen.
To test the specific hypothesis regarding the impact of regionalization on NMR, we examined the care levels of healthcare facilities in Colorado where the infants <750 g were born. Eight perinatal facilities were designated status as level III care centers by the Colorado Perinatal Care Council and retained this designation for the full study period 1991 to 2003. All eight centers fulfill the criteria set forth by the AAP for a level III center, including the ability to comprehensively care for extremely low birth weight infants at p28 weeks gestation and p1000 g, and the ability to provide sustained life support with conventional mechanical ventilation. 11 Infants <750 g at birth were categorized by a 'transfer category': (1) born in a level III center without maternal transport; (2) born in a level III center following maternal transport and (3) born in a level I or II center.
Statistical analysis
Unadjusted differences between the two time periods for our cohorts of infants <750 g were assessed by w 2 -tests for all variables except gestational age, maternal age and maternal education level; for these continuous variables, two-sample t-tests were used to assess differences. w 2 -tests were also used, as appropriate, to compare the two time periods with respect to our primary outcome, neonatal death.
Using logistic regression, we determined the odds of mortality in the two time periods for each transfer category described above, with the outcome being neonatal death. We adjusted for congenital anomalies, ventilation use, gender, maternal age and education. Statistical analyses were performed with SAS 9.1 (SAS Institute, Cary, NC, USA).
Results
Birth weight distribution of all live births
During the study period, there were 779 385 total live births, with an average of 54 718 births per year from 1991 to 1996, and 64 440 births per year from 1997 to 2003. The male to female ratio in both time periods was 1:0.95. In the earlier time period, there were 1029 infants with birth weights <750 g, accounting for 0.31% of all total live births. Similarly, in the later time period, there were 1664 such infants, representing 0.37% of all total live births (Table 1) . 
Neonatal death and unadjusted NMR
Characteristics of infants at the threshold of viability (<750 g) Neonatal death and unadjusted NMR Characteristics of the infants born at the threshold of viability (birth weight <750 g) are provided in Table 2 . There were no significant differences between the two time periods for the number of neonatal deaths, infant gender, transfer status, presence of congenital anomalies, maternal education and maternal race. However, statistically significant differences existed between the two time periods for gestational age, the use of mechanical ventilation, maternal age and the mother's use of tobacco or alcohol during pregnancy. Neonatal deaths and unadjusted NMR are summarized per birth weight group in Table 3 for infants <750 g. As a group, infants <750 g had an overall mortality rate of 61.5% (633 of 1029) from 1991 to 1996, as compared to 65.1% (1084 of 1664) from 1997 to
No differences between time periods for any 100 g increment subgroup were statistically significant. As noted by Hernández, et al., mortality in the <500 g group when compared to the 500 to 749 g group continues to be almost double: 89.0 versus 46.4% in the earlier time period and 89.2 versus 49.5% in the later time period. The lowest mortality rate continued to be observed in infants of 600 to 749 g, at 35.9% in the earlier time period and 38.2% in the later time period.
Infants born <500 g accounted for 23.1% of all neonatal deaths in the first period, and 29.6% of all neonatal deaths in the second period Birth weight aggregation and NMR To further explore the boundary which represents the threshold of viability for low birth weight infants, we constructed aggregate birth weight groups and compared changes in NMR between the two time periods. In each successive group, we lowered the cutoff for the inclusion of lower birth weights. These groups are depicted in Table 4 . As described previously, the overall NMR did not change significantly from 1991 to 1996 to 1997 to 2003 (4.3 versus 4.4 per 1000). However, the aggregations shown in Table 4 demonstrate that, in fact, NMR decreased between the two time periods when considering only infants >1500 g (w 2 ¼ 8.
.01) and >750 g (w 2 ¼ 10.9, d.f. ¼ 1, P<0.01). Furthermore, a significant reduction in NMR was noted for infants >600 g, from 2.8 to 2.5 per 1000 (w 2 ¼ 5.7, d.f. ¼ 1, P ¼ 0.02). No improvements in NMR, however, were noted when including birth weights from <600 g or for birth weight infants >2500 g.
Delivery room interventions
As noted in Table 2 , there was a statistically significant difference in the use of mechanical ventilation for infants <750 g between the two time periods. In the time period 1997 to 2003, the percentage of infants mechanically ventilated >30 min increased to 26.3 from 22.0% in 1991 to 1996 (w 2 ¼ 7.73, d.f. ¼ 2, P ¼ 0.02).
Of the 3398 infants with birth weight <750 g who eventually died, 85.5% in 1991 to 1996 and 84.9% in 1997 to 2003 received no mechanical ventilation. In both periods, 11.9% received mechanical ventilation for >30 min, likely indicating that they responded to delivery room resuscitation and were admitted to the neonatal intensive care unit. Death occurred despite attempted resuscitation in 2.7% of the infants in 1991 to 1996 and 3.2% of the infants in 1997 to 2003. None of these findings reached a level of significance. 
Timing of neonatal deaths
Neonatal deaths according to level of perinatal center
For the entire study period, 1936 of 2693 infants <750 g were born in level III perinatal centers. Overall, 69.6% of these infants were born in level III facilities in the first time period, as compared to 73.3% in the second time period (w 2 ¼ 4.39, d.f. ¼ 1, P ¼ 0.04). As stated previously, infants were further categorized as having been born in a level III care center without maternal transport, born in a level III care center following maternal transport, or born in a I or II care center. These data are summarized in Table 5 . Percentages of infants born in each of these transfer categories 
Adjusted analysis
When we examined the outcome of neonatal death using logistic regression analyses, and adjusting for significant covariates (presence of congenital anomalies, ventilation use, infant gender age, and education of the mother), interactions between birth period and transfer status were not statistically significant at a ¼ 0.05. However, there was a significant difference between the odds of death regardless of transfer status when comparing the two study periods; the odds of death for <750 g infants born in 1997 to 2003 were 1.3 times higher than similar infants born in 1991 to 1996 (95% CI 1.11, 1.61). Regardless of time period, the mortality risk for infants who were transported to a level III care facility was 60% lower than that of infants who were born outside a tertiary facility (P<0.01; 95% CI 0.30, 0.52). For infants who were already in a tertiary care facility and thus did not need transfer, the mortality risk was 46% lower than for infants born outside a level III hospital (P<0.01; 95% CI 0.43, 0.67).
Discussion
Despite prenatal efforts to improve outcomes for infants born at the threshold of viability, these infants continue to present a challenge to obstetricians and neonatologists alike. Since the 1990s, surfactant, antenatal steroids, antenatal antibiotics and noninvasive forms of ventilatory support (continuous positive airway pressure) have influenced further reduction of the NMR, as has been shown in other studies. 8 However, despite these advances in neonatal medicine, the results of this study indicate that the overall NMR in Colorado did not significantly change between the time periods. This lack of improvement in the Colorado NMR since the mid-1990s mirrors the stasis in NMR in the United States. 15 Our results also show that the <750 g infants have increased odds of death in the second time period as compared to the first, despite the advances in neonatal medicine. This finding prompts the question: which infants are benefiting from these innovations? Our analysis indicates that infants <750 g accounted for 45.1% of total neonatal deaths in the first time period, and this proportion increased significantly to 54.4% in the second time period. Likely, infants >750 g benefit most from the advances in neonatal medicine described above. Indeed, the <500 g infants had significantly greater mortality, from 23.1 to 29.5% (P<0.01) between time periods; this increased mortality may be reflective of the more premature infants <750 g born in the second time period. As shown in the birth weight aggregation analysis, infants weighing <600 g may be heavily influencing these contributions to overall NMR, disproportionately accounting for the lack of improvement in NMR between time periods. In the birth weight aggregate analysis, NMR improved for infants weighing 600 g or more, until birth weights reached >2500 g, where no improvement in NMR was seen. This finding suggests that continuing advances in neonatal intensive care have made an impact, especially for infants slightly below the currently accepted definition of the threshold of viability (<750 g). In addition, while advances in neonatal medicine have improved the opportunities for successful live births of infants at the currently defined threshold of viability, these advances may be insufficient for long-term survival of infants below 600 g.
Neonatologists vary in their care of infants at the extremes of viability. As documented in the literature, some neonatologists are more pessimistic about the viability of these infants and do not initiate resuscitation at all. 16 Indeed, some neonatologists have concluded that perhaps the threshold of viability has been reached; investigators place this cutoff at approximately 23 to 24 weeks gestation, although they note that survivability has improved at these gestational ages. 17, 18 In reviewing our results on postnatal age at the time of death, in the second time period, fewer babies who eventually died did so in the first 24 h after birth, indicating that medical interventions may sustain life slightly longer for these infants, but not alter the eventual outcome of death. This supports results from Hintz et al.
14 that medical advances may convey an early advantage, but these infants surviving >12 h may have no significant mortality differences between early and later time periods.
As a whole, the practice of regionalization did not appear to change between the two time periods. However, the data clearly indicated that infants <750 g born in a level III referral center, regardless of time period, had decreased risk of mortality, confirming the results documented in other studies. Based on the preponderance of data, the importance of regionalization in the care of extremely low birth weight infants cannot be overstated; efforts to further standardize and improve the safety of transfers appear critical to improve survivability for these infants.
Our analysis did not examine the timing of or decisions surrounding maternal or neonatal transfer, as obstetricians and neonatologists make crucial decisions, which could play an important role in survivability of infants. Interpretation of viability for extremely low birth weight infants can affect the timing of heroic measures, such as cesarean delivery or maternal transport for a higher level of perinatal care. Ideally, pregnant women would be transferred safely well in advance of the onset of labor, rather than incur the risk for transport of an unstable mother/fetus.
A delay in transfer that resulted in a death could skew the results if attributed to the referral hospital; therefore, attributing early neonatal death and adverse neonatal outcomes to the referral hospital rather than the hospital of origin may be inappropriate. In fact, Dooley, et al. 19 suggest attributing perinatal deaths to the hospital of origin in order to better identify specific institutions that are lacking in personnel or resources and to further demonstrate that regionalization can play a more significant role in the reduction of neonatal mortality than what has been previously realized. While our data support that birth in a level III referral center does decrease the risk of mortality, the means of referral was outside the scope of this study; we did not examine if the infants were referred to the correct center, nor do we know why specific births took place at specific centers. Further studies could examine in greater detail the relationship between each level III referral center and the level I and II centers that it supports to further clarify the chain of referrals.
Our study was also limited by the uncertainty of birth certificate data. Birth weight is an objective criterion that allowed our study to be comparable to previous work and the position of the Committee on the Fetus and Newborn of the AAP. However, antenatal assessment of birth weight is sometimes unreliable. Gestational age is a clinically more relevant measure of prematurity and more often the basis on which medical decisions, such as initiation of resuscitation and withdrawal of life support are made. 20, 21 However, due to the relative unreliability of the measures of gestational age in the birth dataset, which included a clinical estimate and an estimate based on the mother's last menstrual period, it was improbable that gestational age and birth weight could accurately be combined.
In addition, we were unable to evaluate important characteristics of the infants for whom resuscitation was not performed. If a mother were pregnant with a fetus at the threshold of viability, if she or her physician decided not to undertake aggressive resuscitation for that infant, transfer of that mother/ baby dyad would be unnecessary, and the infant would likely die outside of a referral center. If these infants were preferentially overrepresented in one of the transfer categories, it would have affected the estimates of the mortality risk based on facility level of care. A chart review of these infants who died outside of level III facilities may elucidate this further.
The impact of infants at the threshold of viability on the NMR in Colorado is significant, further compounded by their effect on personnel, resources and health care systems. Not only do these infants require a prolonged course of neonatal intensive care, but as more of these extremely vulnerable and premature infants survive, they potentially contribute to increased incidence of co-morbidities such as chronic lung disease, severe neurodevelopmental disability, cerebral palsy and poor growth, which require continued chronic and specialized care. Hack and Fanaroff 17 cite a 30 to 50% incidence of severe neurodevelopmental disability at 18 to 30 months in survivors born at 23 to 25 weeks gestation. Chronic lung disease is the most prevalent morbidity, from 86 to 100% in infants born at 23 weeks or less gestation. 18 For many parents and medical practitioners, such outcomes stimulate medical and ethical discussion.
As demonstrated by the increase in contribution to the overall neonatal mortality of infants <750 g in the State of Colorado between the time periods 1991 to 1996 and 1997 to 2003, we continue to face challenges presented by these extremely vulnerable infants. Large gaps still exist in our knowledge about these infants and the threshold of viability. Indeed, the extent to which we can use neonatal intensive care technology at the extreme degrees of viability are unknown, or as Lucey, et al. 3 appropriately described, 'a big uncontrolled experiment'. Some studies suggest that the threshold of viability has been reached at 23 to 24 weeks gestation, although infants more immature than this continue to be resuscitated with varying results, and more often than not, suffer severe morbidities with which families must cope for years to come.
We continue to face ethical, medical, and economic dilemmas in how our efforts should be focused to improve survivability and decrease morbidity in these extremely vulnerable infants at the threshold of viability. Further research is needed to explore the costs and benefits associated with heroic care and transport of extremely small, immature infants. In addition, our data suggest a need for more in-depth survival analysis of infants weighing 600 g or less, with the potential that the threshold of viability remains a dynamic boundary we may continue to push lower with improved technologies. As data lend even greater support to the concept of regionalization, pooled allocation of resources and personnel, antenatal referral to level III centers and transport of high-risk mothers and infants prior to delivery, we may provide these infants at the threshold of viability the best chance of survival.
